The cellular mechanisms that directly regulate the inflammatory response after Toll-like receptor (TLR) stimulation are unresolved at present. Here we report that glycogen synthase kinase 3 (GSK3) differentially regulates TLR-mediated production of pro-and anti-inflammatory cytokines. Stimulation of monocytes or peripheral blood mononuclear cells with TLR2, TLR4, TLR5 or TLR9 agonists induced substantial increases in interleukin 10 production while suppressing the release of proinflammatory cytokines after GSK3 inhibition. GSK3 regulated the inflammatory response by differentially affecting the nuclear amounts of transcription factors NF-jB subunit p65 and CREB interacting with the coactivator CBP. Administration of a GSK3 inhibitor potently suppressed the proinflammatory response in mice receiving lipopolysaccharide and mediated protection from endotoxin shock. These findings demonstrate a regulatory function for GSK3 in modulating the inflammatory response.
The ability of the innate immune system to recognize and respond to microbial components has been largely attributed to the family of type I transmembrane receptors called Toll-like receptors (TLRs) 1, 2 . TLRs are expressed mainly on antigen-presenting cells such as monocytesmacrophages and dendritic cells and show an ability to discriminate among distinct molecular patterns associated with microbial components. Recognition of microbial products by TLRs leads to a variety of signal transduction pathways that regulate the nature, magnitude and duration of the inflammatory response 3 . Although the production of proinflammatory cytokines is important for mediating the initial host defense against invading pathogens 4 , an inability to regulate the nature or duration of the host's inflammatory response can be detrimental, as in chronic inflammatory diseases. The underlying cellular mechanisms that directly control pro-versus anti-inflammatory cytokine production after TLR stimulation are unresolved, but studies have shown the TLR signaling pathway can activate phosphatidylinositol 3-OH kinase (PI(3)K) 5 to limit production of tumor necrosis factor (TNF) and interleukin 12 (IL-12) [6] [7] [8] . Moreover, TLR2-induced activation of the PI(3)K pathway enhances IL-10 production, whereas IL-12 production is reduced 9 . Those studies suggested critical involvement of the PI(3)K pathway in differentially controlling pro-and anti-inflammatory cytokine production, but it is unclear at present if this pathway is limited to TLR2 signaling and how production of other inflammatory mediators induced by other TLR ligands is affected.
Here we have characterized how intracellular TLR signaling affected 'downstream' effector molecules of the PI(3)K pathway to determine if a central effector molecule is responsible for mediating the ability of this pathway to differentially dictate the host's inflammatory response. Inhibition of glycogen synthase kinase 3 (GSK3), the constitutively active downstream kinase of the PI(3)K pathway, mediated the ability of this pathway to selectively augment anti-inflammatory cytokine production while concurrently suppressing proinflammatory cytokine production in response to TLR stimulation. RESULTS TLR4-mediated phosphorylation of GSK3-b PI(3)K is a heterodimeric enzyme that consists of a regulatory subunit (p85) and a catalytic subunit (p110) 10 . PI(3)K activation occurs through binding of its regulatory subunit to adaptor proteins bound to phosphotyrosine residues present in activated cellular receptors located on the plasma membrane, including TLRs [10] [11] [12] . Activation of PI(3)K can mediate the recruitment and subsequent activation of signaling proteins with pleckstrin homology domains, including the serine-threonine kinase Akt [13] [14] [15] . After recruitment, Akt is activated by phosphorylation at Thr308 and Ser473 (refs. 13-15) . Akt is a key physiologic mediator of the PI(3)K pathway. Activated Akt phosphorylates several downstream targets of the PI(3)K pathway, including the constitutively active serine-threonine kinase GSK3-b (Ser9). Phosphorylation of GSK3-b (Ser9) results in its inhibition 16 . GSK3 can both positively and negatively affect a variety of transcription factors that are critical in regulating pro-and anti-inflammatory cytokine production [17] [18] [19] [20] [21] [22] . Therefore, we initially determined if LPS stimulation of human monocytes mediated Ser9 phosphorylation of GSK3 in a PI(3)K-Akt-dependent way. LPS stimulation of monocytes mediated the phosphorylation of Akt (Ser473; Fig. 1a) . Use of the PI(3)K inhibitor LY294002 abolished the ability of Escherichia coli LPS to induce Ser473 phosphorylation of Akt (P o 0.05; Fig. 1a ). We obtained similar results for the phosphorylation of Akt at Thr308 (data not shown). We next investigated if LPS stimulation of monocytes induced Ser9 phosphorylation of the constitutively active kinase GSK3-b in a PI(3)K-Akt-dependent way. Human monocytes stimulated with E. coli LPS demonstrated increased Ser9 phosphorylation of GSK3-b at multiple time points (Fig. 1b) . In contrast, LY294002 significantly reduced the ability of E. coli LPS to phosphorylate GSK3-b on Ser9 (P o 0.05; Fig. 1b) . We next used a selective Akt inhibitor to determine if this kinase was responsible for GSK3-b phosphorylation by E. coli LPS (Fig. 1c) . The ability of E. coli LPS to induce Ser9 phosphorylation of GSK3-b was Akt dependent, because the Akt inhibitor abrogated LPS-induced phosphorylation of GSK3-b on Ser9 to nearly unstimulated amounts (P o 0.05; Fig. 1c ). Phosphorylation of GSK3-b on Ser9 results in GSK3-b inactivation; thus, we next assessed how LPS-mediated Ser9 phosphorylation of GSK3-b affected its downstream target, glycogen synthase 16 . Glycogen synthase was phosphorylated on Ser641 in unstimulated human monocytes, but this was substantially reduced after LPS stimulation. Moreover, treatment of monocytes with the GSK3 inhibitor SB216763 alone completely abrogated Ser641 phosphorylation of glycogen synthase (Fig. 1d) . Thus, whereas LPS-mediated Ser9 phosphorylation of GSK3 did reduce the constitutive ability of GSK3 to phosphorylate Ser641 of glycogen synthase, it did not completely abolish the abiliaty of GSK3 to phosphorylate glycogen synthase, as noted with the GSK3 inhibitor SB216763 (Fig. 1d) .
GSK3 modulates IL-10 and IL-12 production
Although the involvement of GSK3 in regulating a variety of cellular functions, including the regulation of glycogen synthesis, has been described in considerable detail 23 , the ability of GSK3 to regulate the production of inflammatory mediators has not been demonstrated. In unstimulated cells, GSK3 constitutively phosphorylates b-catenin and thus targets b-catenin for degradation 23 . Therefore, to initially determine the ability of a panel of various GSK3 inhibitors to inhibit GSK3 activity in human monocytes, we assessed b-catenin phosphorylation in the presence or absence of the GSK3 inhibitors LiCl, SB216763, azakenpaullone and BIO [24] [25] [26] [27] . Unstimulated monocytes had detectable b-catenin phosphorylation (Fig. 1e) . In contrast, monocytes treated with the GSK3 inhibitors showed no detectable phosphorylated b-catenin (Fig. 1e) , thus demonstrating their ability to inhibit GSK3 activity in human monocytes.
Because inhibition of the PI(3)K pathway augments IL-12 production while concurrently suppressing IL-10 in response to a TLR2 ligand, we next investigated whether inactivation of GSK3 mediated a functional effect on pro-and anti-inflammatory cytokine production by human monocytes after TLR4 stimulation (Fig. 2) . In the absence of LPS stimulation, inhibitors of Akt, PI(3)K and GSK3 had no discernible effect on pro-or anti-inflammatory cytokine production compared with that of untreated controls (data not shown). Production of the anti-inflammatory cytokine IL-10 was increased by threeto fivefold when human monocytes were stimulated with E. coli LPS in the presence of any of the GSK3 inhibitors tested compared with LPS-stimulated cultures (Fig. 2a,c) . In contrast, inhibition of PI(3)K or Akt using LY294002 or the Akt inhibitor, respectively, both of which abrogated the ability of E. coli LPS to inactivate GSK3-b by phosphorylating Ser9 (Fig. 1b,c) , resulted in a substantial reduction in IL-10 compared with that of monocytes treated with E. coli LPS (Fig. 2a) . In sharp contrast to IL-10, IL-12p40 was increased by greater than 50% when we used LY294002 or the Akt inhibitor (Fig. 2b) . We obtained similar results with the PI(3)K inhibitor wortmannin and cells transfected with small interfering RNA (siRNA) targeting Akt (data not shown). However, IL-12p40 production was reduced more than 70% when human monocytes were pretreated with a GSK3 inhibitor and stimulated with LPS, compared with LPS-treated controls (Fig. 2b,d ) or LPS-treated controls containing 0.1% DMSO or 10 mM NaCl (Fig. 2d) . In LPS-stimulated monocytes, GSK3 inhibition resulted in a 60-80% reduction in IL-6 and TNF production compared with that of LPS-stimulated control cells (Fig. 2e,f) . Using GSK3-b-deficient mouse embryonic fibroblasts (MEFs) 17 , we also found that LPS stimulation resulted in a reduction in TNF and IL-6 production of more than 70%, whereas IL-10 production was significantly enhanced compared with that of wild-type MEFs (P o 0.05; Fig. 2g-i ). These data demonstrate that the inhibition of GSK3 differentially affects the ability of the TLR4 signaling pathway to induce pro-and anti-inflammatory cytokines.
The two mammalian GSK3 isoforms, GSK3-a and GSK3-b, are encoded by separate genes 28 . Although the GSK3 isoforms share 95% identity in their kinase domains, GSK3-a and GSK3-b share only 36% identity in the 76 amino residues at the C terminus 28 . This divergence in homology has functional relevance, as deletion of the gene encoding GSK3-b is embryonically lethal and GSK3-a is unable to 'rescue' GSK3-b-null mice 17 . Probing for both isoforms of GSK3 using a phosphorylation-specific antibody to GSK3-a and GSK-b (Ser21 and Ser9, respectively; Fig. 1b,c) demonstrated that only Ser9 phosphorylation of GSK3-b was evident in response to LPS stimulation; GSK3-a was not phosphorylated on Ser21. To definitively demonstrate that GSK3-b was responsible for differentially regulating IL-10 and IL-12 production after LPS stimulation, we next used siRNA specific for GSK3-b (Fig. 3) . 'Silencing' of GSK3-b by RNA interference for 96 h
Total p38 reduced GSK3-b by more than 70% compared with that of untransfected cells or cells transfected with control siRNA (Fig. 3a) . In the absence of LPS stimulation, cells pretreated with control siRNA or siRNA targeting GSK3-b showed no substantial increase in IL-10 or IL-12 production compared with that of untransfected control cells (data not shown). In contrast, monocytes pretreated for 96 h with siRNA specific for GSK3-b and subsequently stimulated with E. coli LPS showed an increase in IL-10 production of more than twofold compared with that of untransfected cells or cells transfected with control siRNA (Fig. 3b) . Moreover, IL-12p40 production by LPSstimulated cultures pretreated for 96 h with siRNA against GSK3-b was reduced by more than 60% compared with that of untransfected cells or cells transfected with control siRNA (Fig. 3c ). These results demonstrate that GSK3-b inhibition is responsible for enhancing IL-10 while suppressing IL-12 by LPS-stimulated monocytes.
GSK3 regulates TLR-induced inflammatory response
Next we determined if the ability of GSK3 to regulate 'classical' proand anti-inflammatory cytokine production was more global by assessing the production of a variety of inflammatory cytokines. We also determined whether GSK3 was able to differentially modulate proand anti-inflammatory cytokine production mediated by multiple TLR signaling pathways. Therefore, we used selective agonists for TLR2 (lipoteichoic acid from Streptococcus pneumoniae), TLR4 (synthetic lipid A; compound 506), TLR5 (flagellin protein FljB from Salmonella typhimurium) and TLR9 (human CpG) and assessed how inhibition of GSK3 in conjunction with a specific TLR agonist affected the inflammatory response. Human peripheral blood mononuclear cells (PBMCs) stimulated with a TLR2, TLR4, TLR5 or TLR9 agonist in the presence of the specific GSK3 inhibitor SB216763 showed a selective reduction of 50-90% in the production of the proinflammatory cytokines IL-1b, interferon-g (IFN-g), IL-12p40 and IL-6 ( Fig. 4a-d) . In contrast, production of the anti-inflammatory cytokine IL-10 was increased by three-to eightfold compared with that of controls regardless of which TLR agonist we used (Fig. 4e ). These data demonstrate that GSK3 potently suppresses the production of proinflammatory cytokines while concurrently augmenting production of anti-inflammatory IL-10 in response to multiple TLR signaling pathways.
GSK3 differentially regulates transcription factor activity
To investigate the underlying cellular mechanism responsible for the ability of GSK3 to suppress proinflammatory cytokine production while augmenting anti-inflammatory cytokine production, we assessed how GSK3 influenced the activation of downstream transcription factors involved in the inflammatory response. GSK3-b has been linked to regulation of the main eukaryotic transcription factor NF-kB, which regulates many diverse cellular processes, including proinflammatory cytokine responses [17] [18] [19] [20] [21] . Because NF-kB regulation can be mediated at multiple steps, including degradation of IkB inhibitory molecules, processing of the NF-kB p105 and p100 molecules and phosphorylation-dependent association with cellular coactivators, including cAMP response element-binding protein (CREB)-binding protein (CBP) 29 , we sought to elucidate what step(s) of the NF-kB pathway could be affected by GSK3 inhibition. IkBa degradation induced by E. coli LPS was evident at 30 min after exposure (Fig. 5a) . Presence of the GSK3 inhibitor SB216763 failed to alter the rate or extent of degradation or resynthesis of IkBa (Fig. 5a) .
We obtained similar results for the degradation and resynthesis of IkBb (data not shown). Because GSK3 can mediate p65 phosphorylation 21 , we determined if GSK3 inhibition was exerting an effect on the phosphorylation status of the p65 subunit. Neither the amount nor the duration of p65 phosphorylation (Ser276 or Ser536) was affected after stimulation of human monocytes with E. coli LPS in the presence of the GSK3 inhibitor SB216763 compared with that of cultures stimulated with E. coli LPS alone (Fig. 5b) . Therefore, we measured the nuclear NF-kB subunits p50 and p65 in the presence and absence of the GSK3 inhibitor SB216763 (Fig. 5c,d ). We found no alterations in the amount of nuclear p50 or p65 in unstimulated cells treated with SB216763 alone compared with that of untreated control cells (data not shown). Additionally, the DNA binding of nuclear p50 or p65 in LPS-stimulated cultures was not influenced by the presence of SB216763 compared with that in monocytes stimulated with LPS alone (Fig. 5c,d ). Optimal transcriptional activity of the NF-kB p65 subunit is mediated by its association with the nuclear coactivator CBP 30, 31 . Additionally, nuclear amounts of CBP are limiting, and phosphorylated CREB (Ser133) and NF-kB p65 (Ser276) compete for CBP binding. Increased association of CREB and CBP suppress NF-kB activity [30] [31] [32] [33] . Because GSK3 can negatively regulate the activation and DNA-binding activity of CREB 22 , we investigated how GSK3 inhibition affected nuclear CREB (Ser133) binding (Fig. 5e) . In the absence of LPS stimulation, the GSK3 inhibitor SB216763 did not substantially affect nuclear phosphorylated CREB (Ser133) compared with that of untreated control cells (data not shown). In contrast, the DNAbinding properties of CREB (Ser133) were significantly 'upregulated' when LPS-stimulated monocytes were treated with the GSK3 inhibitor SB216763 or with siRNA targeting GSK3-b (Fig. 5e) . Because the CREB DNA-binding activity was augmented by GSK3 inhibition, we also sought to determine if GSK3 inhibition affected the ability of CREB (Ser133) and NF-kB p65 (Ser276) to associate with CBP ( Fig. 5f,g ). LPS-stimulated monocytes had more association of p65 with CBP than did unstimulated control cells (Fig. 5f,g ). However, LPS-stimulated cultures that were pretreated with SB216763 showed a considerable decrease in association of p65 with CBP ( Fig. 5f) , whereas the binding of CREB to CBP was potently augmented (Fig. 5g) . These results demonstrate that GSK3-b inhibition augments the binding of CREB (Ser133) and suppresses the binding of NF-kB p65 (Ser276) to the nuclear coactivator CBP.
GSK3 regulates inflammatory response through CREB
Studies characterizing the transcription factors important for IL-10 production in human monocytes have identified CREB as a critical component 34 . Moreover, because we had demonstrated enhanced association of CREB with CBP, we investigated whether the ability of GSK3 inhibition to enhance CREB activity was responsible for the differential regulation of pro-and anti-inflammatory cytokine production. Treatment of monocytes with siRNA targeting CREB for 96 h reduced CREB by more than 80% compared with that of untransfected cells or cells transfected with control siRNA (Fig. 5h) . To determine what function CREB was mediating in the ability of GSK3 inhibition to suppress the inflammatory response, we compared IL-10 production in LPS-stimulated monocytes pretreated for 96 h with siRNA specific for CREB and in the presence or absence of the GSK3 inhibitor SB216763 (Fig. 5i) . LPS-stimulated cultures pretreated with siRNA targeting CREB had a decrease of more than 30% in IL-10 compared with that of cultures stimulated with LPS alone or with LPS in conjunction with control siRNA (Fig. 5i) . LPS stimulation of cells pretreated with siRNA targeting CREB and in the presence of SB216763 did not produce any discernible increase in IL-10 release compared with that of LPS-stimulated control cells (Fig. 5i) . In contrast, stimulation of cells pretreated with siRNA against CREB resulted in an increase in IL-12p40 production of approximately 20% compared with that of LPS-stimulated cells or LPS-stimulated cells transfected with control siRNA (Fig. 5j) . Moreover, the production of IL-12p40 by LPS-stimulated cultures pretreated for 96 h with siRNA against CREB did not seem to be altered by the presence of SB216763 (Fig. 5j ). These data demonstrate that the ability of GSK3 to regulate the production of pro-and antiinflammatory cytokines by LPS-stimulated monocytes is dependent on regulation of CREB activity.
GSK3 inhibition protects mice from endotoxin shock
Next we defined the function of GSK3 inhibition in mediating protection against endotoxin shock and its effects on modulating the inflammatory response in vivo. Mice given the GSK3 inhibitor SB216763 2 h before receiving a 100% lethal dose (LD 100 ) of LPS showed significantly improved survival of more than 70%, compared with 0% for the LPS-only control group (P o 0.001; Fig. 6a ). Next we determined if a 'delayed' dose of SB216763 could still mediate protective effects against LPS-induced lethality. SB216763 given 2 h after LPS challenge conferred a survival rate of more than a 50%, compared with 0% for the control mice given only LPS containing 0.1% DMSO. (Fig. 6b) . Monitoring the survival rates of mice challenged with a LD 100 of LPS over a 10-day period further demonstrated that mice given SB216763 did not have any 'late' deaths (Fig. 6a,b) . Thus, GSK3 inhibition did not simply prolong LPS-induced lethality. We next assessed how GSK3 inhibition regulated the inflammatory response in mice given an LD 100 of LPS. Assessment of proinflammatory cytokine profiles in mice given SB216763 and challenged with LPS showed there was a significant reduction in IL-12p40, IFN-g and IL-6 (P o 0.001; Fig. 6c-e) . In contrast, production of the anti-inflammatory cytokine IL-10 was significantly enhanced by more than twofold in LPS-challenged mice given SB216763 compared with that of control mice receiving only LPS (P o 0.001; Fig. 6f ). Thus, GSK3 inhibition conferred significant protection against LPS-induced lethality when given before or after LPS insult (P o 0.001). Moreover, these findings further demonstrate targeting GSK3 in vivo can potently suppress the production of proinflammatory cytokines, whereas production of the anti-inflammatory cytokine IL-10 is significantly augmented.
DISCUSSION
Studies directly comparing the biological activity of some TLR agonists have indicated a substantial divergence in their ability to influence the nature (pro-versus anti-inflammatory) and magnitude (absolute amounts) of the inflammatory response [35] [36] [37] [38] [39] [40] [41] . Indeed, the ability of the TLR2 and TLR4 signaling pathways to mediate the relative production of the immunoregulatory cytokines IL-10 and IL-12, known to be key in the development of cell-mediated and humoral immunity as well as in controlling the amount of inflammatory mediators, differs widely 36, 38, [42] [43] [44] . Whereas the TLR4 signaling pathway is typically a potent mediator of IL-12p70, TLR2 agonists induce mainly IL-12p40 with little to no detectable IL-12p70 (refs. 38,43) . The ability of a TLR2 agonist to induce IL-12p70 from human monocytes is dependent on inhibition of the PI(3)K pathway, but this reduces IL-10 production 9 . Our findings now demonstrate the ability of the PI(3)K-Akt pathway to differentially regulate IL-10 and IL-12 production is through inhibition of GSK3-b. Furthermore, the ability of GSK3 inhibition to reduce IL-1b, IL-6, TNF-a, IL-12 and IFN-g substantially while augmenting IL-10 in response to a variety of TLR-agonists demonstrates the broad ability of GSK3 to attenuate the inflammatory response after TLR stimulation. An inability to regulate the nature, magnitude or duration of the host's inflammatory response can be detrimental to the host. Our study has shown how GSK3 inhibition can modulate both the nature and magnitude of pro-versus anti-inflammatory cytokine production after TLR stimulation by differentially regulating the association of NF-kB p65 and CREB with the nuclear coactivator CBP. These findings are consistent with published studies demonstrating that the relative amounts of active nuclear CREB and NF-kB p65 determine subsequent association with CBP [30] [31] [32] [33] . A notable property of GSK3 after TLR stimulation was that GSK3 inhibition selectively influenced the amount of nuclear CREB (Ser133) DNA-binding activity without any discernible effects on the amount of nuclear NF-kB p65. This is in agreement with published work showing CREB activity is potently suppressed by active GSK3 (ref. 22) . Moreover, the finding that GSK3 inhibition augmented nuclear CREB activity and enhanced its association with CBP while reducing interactions between NF-kB p65 and CBP provides molecular understanding of how TLR-mediated GSK3 inhibition suppresses the production of proinflammatory cytokines while concurrently augmenting IL-10.
The onset of sepsis has been associated with predominant production of proinflammatory cytokines that are believed to contribute to the pathology. Exogenous IL-10 can substantially reduce the toxicity associated with endotoxin shock 35 . Moreover, various strategies targeting proinflammatory cytokines, including IL-1b, TNF, IFN-g and IL-12, in animal models have indicated these cytokines are key mediators of endotoxin lethality 45 . Our study has demonstrated that GSK3 inhibition substantially reduced proinflammatory cytokine production induced after challenge of mice with an LD 100 of LPS while augmenting IL-10 release. Moreover, the GSK3 inhibitor SB216763 mediated significant protection against endotoxin lethality when given before or after LPS challenge. Mice fed a diet comprising 0.4% of the GSK3 inhibitor LiCl for 10 d (ref. 46 ) had substantially reduced proinflammatory cytokines and approached survival rates of 60% when challenged with an LD 100 of E. coli LPS, compared with mice fed normal mouse chow, which had survival rates of 0% (M.M. and R.J., unpublished observations). Thus, because of the general ability of GSK3 to modulate the inflammatory response after TLR activation, GSK3 could potentially serve as a therapeutic target against sepsis or other inflammatory diseases. In summary, we have identified and characterized a central mechanism by which the inhibition of GSK3 differentially affects the nature and magnitude of the inflammatory response. Inhibition of GSK3 resulted in a profound increase in IL-10 production after TLR stimulation, whereas the concurrent production of proinflammatory cytokines, including IL-1b, IL-6, TNF, IL-12 and IFN-g, by human monocytes and PBMCs was substantially reduced. Our findings identify a critical function for GSK3 in modulating pro-versus antiinflammatory cytokines in vivo and provide a rationale for regulating the nature and severity of inflammation.
METHODS
Reagents. Protein-free E. coli (K235) LPS was prepared as described 47, 48 . Lipoteichoic acid from S. pneumoniae was obtained from M. Nahm (University of Alabama at Birmingham). Bacterial flagellin (S. typhimurium FljB) was obtained from A. Gewirtz (Emory University, Atlanta, Georgia). E. coli synthetic lipid A (compound 506) was obtained from T. Ogawa (Asahi University, Gifu, Japan). The CpG oligodeoxynucleotides 2216 (5¢-GGGGGAC GATCGTCGGGGGG-3¢) and 2216 control (5¢-GGGGGAGCATGCTGCGGG GG-3¢) were purchased from InvivoGen. LiCl was purchased from Sigma. 'Prevalidated' siRNA kits targeting CREB and GSK3-b were purchased from Upstate Biotechnology, and assays were done according to the manufacturer's protocol. The GSK3 inhibitors SB216763, azakenpaullone and BIO were obtained from Sigma. Wild-type and GSK3-b-deficient MEFs were obtained from J. Woodgett (Ontario Cancer Institute, Division of Experimental Therapeutics, Toronto, Ontario, Canada) 17 . The Akt inhibitor II Akt-i was purchased from Calbiochem. Antibodies to CBP, total p38 and total GSK3-b and phosphorylation-specific antibodies to Akt (Ser473), Akt (Thr308), GSK3-a and GSK3b (Ser21 and Ser9, respectively), b-catenin (Ser33, Ser37, Thr41), glycogen synthase (Ser641), NF-kB p65 (Ser276 or Ser536) and CREB (Ser133) were purchased from Cell Signaling Technology, Biosource International and Santa Cruz Biotechnology.
Endotoxin shock model. Male C57BL/6 mice (8-12 weeks of age; 18-23 g body weight) were injected intraperitoneally with an LD 100 (10 mg/g) of E. coli K235 LPS in 200 ml of PBS containing 0.1% DMSO. Mice were monitored over a 10-day period for survival. All studies were approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham.
Measurement of cytokines.
Mouse and human IL-1b, IL-6, IL-10, TNF, IL-12p40 and IFN-g in culture supernatants were measured with enzymelinked immunosorbent assay (ELISA) kits from R&D Systems or eBioscience according to manufacturer's instructions.
Immunoprecipitation analysis. Human monocytes (2 Â 10 6 /ml) in 24-well plates were pretreated with medium, 0.01% DMSO, the Akt inhibitor, LiCl, SB216763, azakenpaullone and BIO before the addition of medium or LPS. At various time points, cells were washed with PBS and analyzed by immunoblot as described 9 . The AlphaImager 2000 documentation and analysis system (Alpha Innotech) was used for densitometer scans of the blots. For immunoprecipitation of CBP (Santa Cruz Biotechnology) and subsequent probing for associated NF-kB p65 (Ser276) or CREB (Ser133; obtained from Cell Signaling Technologies), the Catch and Release Immunoprecipitation System (Upstate Biotechnology) was used according to the manufacturer's instructions.
NF-jB p50, NF-jB p65 and CREB activity. Human monocytes in 24-well polystyrene tissue culture plates were pretreated for 1 h with SB216763 or 0.01% DMSO and then were incubated with medium alone or LPS for various times. Cells were collected and washed two times in PBS and then were assayed for activity with the TransAM kit specific for each transcription factor (Active Motif). The amount of nuclear NF-kB p50, NF-kB p65 or CREB was normalized by the absorbance at 450 nm from 2 mg NF-kB p50 or NF-kB p65 or 20 mg of nuclear lysate (CREB).
Cell culture. Heparinized venous blood from healthy adult donors was used to obtain PBMCs by isolation of the buffy coat and elimination of red blood cell contamination using Histopaque (SG-1.077; Sigma) density gradients. Human monocytes were purified from PBMC samples by negative selection with a monocyte isolation kit purchased from Miltenyi Biotech. This procedure routinely resulted in samples that were more than 95% pure CD14 + cells, as shown by flow cytometry. Human monocytes or PBMCs were cultured in 24-well (2 Â 10 6 cells/well) or 96-well (2 Â 10 5 cells/well) plates containing RPMI 1640 medium supplemented with 10% FBS, 50 mM 2-mercaptoethanol, 1 mM sodium pyruvate, 2 mM L-glutamine, 20 mM HEPES, 50 U/ml of penicillin and 50 mg/ml of streptomycin. Wild-type or GSK3-b-deficient MEFs were cultured as described 17 .
Statistical analysis. Data are expressed as mean 7 s.d. Statistical significance between groups was evaluated by analysis of variance and the Tukey multiplecomparison test using the InStat program (GraphPad Software). Differences between groups were considered significant at P o 0.05. 
